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The Kinetics of the Thermal Decomposition of Isoprpyl
Metbylphosphonofluoridate

Part II

Further Studies on the reactions involved and their mechanisms

by

D.J. Marsh

Corrigenda

Paae 10. last para. Amend to read:

"The values of the rate constants in Table V are in reasonable
agreement with the value obtained in Table III, viz. 2.99 x 10-2

hours -1,.

Page 13, para. 3. Insert at end of paragraph:

"However, at ordinary temperatures the rate of attainment of
equilibrium will be too low to affect storage life seriously. It
is cstimated that at 250C, the times for 16 and 10% decomposition
by disproportionation are about 14 months and 12 years respectively.
These figures are derived for pure GB in the absence of base. With
stabilised technical GB, the times may be very much greater."
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The Kinetics of the Thermal Decomposition of Isopropyl,. , Th neticsMethylphosphon°ofluoridate" _.

Part II

Further Studies on the re otions involved and their meohardims

D9J. Marsh

l. Further work on the thermal decomposition of isopropyl methylphosphono-
fluoridate (GB) bas shown that the reactions involved differ in some respects
from the scheme previously suggested.

2. The data previously obtained have been reconsidered in accordance with
the later findings and new values for tho rate constants obtained* Values
of the equilibrium constant fo the disproportionation reaction have also
been calculated.

3. Experiments carried out have not enabled tho medianims of the disproportion-
ation reaction to be elucidated and the significance of the rate constants
obtained for this reaction is by no means clear.

4. The results obtained for the propene evolution reaction do not differ
significantly from those previously obtained and the main conclusions of
earlier reports still hold good.

(Sgd.) T.C. Nugent,
Acting Head, Chemistry Section.

(Sgd.) E.A. Perren,

Supt., Research Division.
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The Kine+ics of the Thermal Decomposition of Isopropyl
Methylphosphonofluoridate.

Part II

Further Studies on the reactions involved -nd their mechanisms

D.J. Marsh

1. Introduction

The kinetics of the thermal decoraposition of GB have been previously
studied and reported (Part I; Porton Tochnical Paper No. 265). The
mechanisms of thc reactions involved have also been discussed by Bevan
and Hudson (Porton Technical Paper No. 330). Chanical aspects of the
storage stability of GB have also been investigated (Porton Technical
Pacer No. 381).

ExperLienta carried out subsequently have showm, however, that the
reactions occuring in the decomposition differ in some respects frmi
those given in the previous report (P.T.P. 265).

An account of these experiments and of other investigations into the
mechanismas of the reactions involved is given in this report.

The two main reactions now considered to occur during the thermal
decoosition of GB are:-

me lie* H+

Pr0-O-P-? 1x0-P-P + 3H6 ...... (Reaction I)
I, /!
0 0

Me Me Me

2 PzP-O-P-F - PZ0-P-O-Pr3 + F-P-F ...... (Reaction II)
II " Iiit

0 0 0

Of these reactions, the first is acid catalysed and hence mtootalytio
and does not occur spontaneously. The second is roversible and is also
acid catalysed in both directions.

SECRET



The di-isopropyl zeyJphosphonate formed in reaction II was previously
thought too 4 further deca.osition in two stages: -

pr 3-o-Po-pl 3  ) P&-O-P-OH + C3H6 ...... (Reaction III)
II II

0 0

Ive HeI H+  H

Pr 3 -O-P-OH •/ HO-P-OH + C 3H6 ...... (Reaction IV)

0 0

It vill be shown, however, that the decomposition of the di-ester is
not catalysed by the acids which may be present in the systonm, and hence
these two reactions need not be considered further from the point of view
of the decomposition of GB.

A further possible reaction, the disproportionation of methylphosphono-4 I fluoridic acid, was shovn to be reversible:-

OH F . OH
I I I

2 lie-P-F _____ ie-P-F + Me-P-OH (Reaction V)
If II II

0 0 0

For reasons previously discussed (P.T.P. 265), this reaction will not

play an appreciable part in the decomposition of GB.

2. Experimental Procedure

The apparatus, and nethods for following the decomposition used have
been duscribed previously (P.T.P's 265 and 381).

The GB used was laboratory prepared mtorial which had been purified

by redistillation until the apparent acidity was less than one part per
million of hydrogen ion.

Iscpropyl hydrogen methylphosphonate, methylphosphonofluoridic acid,
methylphosphonic difluoride and di-isopropyl methylphosphonate were
redistilled 1nmediately before use.

3. The Kinetics of the reactions involved in the decomposition of GB.

(a) Reaction I. The previous conclusions (P.T.P. 265) that this is a
biMolecular catalysed reaction, and hence auto catalytic, still
hold good. No spontaneous decaoosition of GB by this reaction
is thought to occur.

(b) Reaction II, It was previously thought that this reaction proceeded
in the forward direction only, the product di-isopropyl methyl-
phosphonate being removed by reactions III and IV. It vill be shown
later in the report however, that these reactions do not occur in
the system, and hence the reverse reaction II must be considered.

II -2 -
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Both the forward and reverse reactions involve two molecules. The
mechaniszis suggested for the reaction involve an initial ionisation stage
for the forward reaction (see discussion section). This would be
comparatively slow and in the early stages of the decomposition would be
rate determining and so giving first order kinetics. Subsequently,
however, when the amount of GB present has fallen the ionisation stage
may no longer be rate determining and second ordor kinetics would be
observed.

Addition of di-isopropyl methylphosphonate to technical GB did not
reduce the amount of decomposition by mass action effect on reaction II
(see Appendix VI to P.T.P. 381). It nay be that the di-ester is not
involved in the rate-determining stage in the reverse reaction. The
separation of a fluoride ion from methylphosphonic difluoride could be
the rate determining stage, being analogous to that suggested for the
forward reaction. If. this is so, the reverse reaction would show first
order kinetics under suitable conditions vWiere a s'ff icient excess of
di-ester is Present. In the actual decomosition of GB this 4s probably
not the case and 2nd. order kinetics are probably obeyed, especially in
the early stages where the concentrations of difluoride and di-ester are
small.

Experiiontal verification of the kinetics of reaction II would be
extremely difficult as it has not been found possible to isolate this
reaction from the auto catalytic reaction I which plays a much greater
part in the decoposition. Att more moderate temperatures ca. 6000. thedispropor-tionwaon r3action is more 1,uportant,. but the reactions are very
slow and it is doubtful Nhether the atteupt would be worth while.

Equations for the disappearance of GB and the appearance of propene
and di-ester may be written as follows:-

-dtGI " "B ~F(H) d~B - -' ~ L~e0~

dt

dIjPO2  dfr1eP(0Pr),j kdr
d/0H ~ kcI~ii~e(F(0H~l k'd L14ePOF:2I [jePo(OPr 21

dt dt

Ifweput G tGB, 11 = and

F - '-MePOF 2 j = 1 §ePO(OPr) we Y.- ay write

_+ k - . ........................... (1)dt

--1 - •~ ............................ (2)t

-ka. - ***********....... **..es (3) 4
dt

No satisfactory solution of these equations is possible.

-3-
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The above equations are ap,,licable in the early stages of the decomposition. m
When the decomposition, has proceeded so that about half of the original GB
has decoiposed, it is unlikely, as has already been discussed, that the forwvard

disproportionation reaction still shows first order kinetics. In this case
equations (1) and (3) aust be replaced by:-

dG ,2_ , 2

at + k'" "

and

kd. ' - k... (3)

dt

In these equations no account is taken oP the catalysis of reaction II
by acid. If, as is discussed later, the effect of acid is to facilitate
the separation of a fluoride ion from GB or the difluoride, then as the
catalysis is small compared with that on reaction I it can probably be
neglected in the early stages, whereas in the later stages the separation
of the fluoride ion is probably not rate determining. I

It is found that the concentration of di-ester and difluoride reaches
a iaximnL as the decomposition proceeds. (See figures 1-3), and then
falls off fairly rapidly. At this mw,:Wmum the net rate of fon-iation of
di-ester and difluoride is zero and hence:-

dt

!2and kd _ 2

k'i /C d2

where Kd is the equilibrium constant for reaction II.

I' It is clear th~at no true equilibrium will be set ip in this reaction,

but as at lower temperatures the rate of reaction I is negligible the value

of KI will be of some practical im~portance.

4. Validity of the results given previously and determination of new rate

constants.

Since it is now known that the reverse reaction II ,diust be considered in
the d~ccmposition of C-B, it is clear that the validity of the values of the
rate constants calculated by the proceedur-e given in P.T .P. 265 is question-
able. Failure to take this reaction into account presumably leads to low
values for the rate constants for the forwvard reaction II. The effect on
the values of the rate constants for reaction I is not readily seen, although
it maev be small.

No method of calculating rate constants using the above equations can be .

found, but est~iates may be made fran the slopes of the graphts showving plots
of C- end : against time, since the values of C- and 14 at a given time are
known and also the values of F can be obtained by difference. The accuracy

of the figures obtained will be low.

q"-
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Initially, with pure GB, F = 0 and 11 is very small so that equationMI silifies to: -

= kdG. .
dt

which enables a value for k d to be obtained.

k. can be obtained by measuring the slope of the gas evolution curves
at vafous points and substituting the values in equation (2).

Finally, as already noted at the maximum point in the plot of F against
time, we have - . 0 and henoce:-

dt
2q

k'd

The values obtained for kc are given in Table I.

Table I

Evaluation of kc

8000. 9.ne_
t(hrs.) k 10 O3 (rs-1) t(hrs) kcx)

200 0.021 5.20 50 0.010 2.61
300 0.032 3.48 100 0.025 1.48
400 0.0+2 2.98 150 0.045 1.00
500 1 0.053 I 2.77 200 o.o68 1.07
600 0.068 i 3.53 250 o.105 1.27
700 0.093 3.60 300 0.173 1.57
800 0.124 3.95 350 0.310 2.49
900 0.173 4.82 400 0.658 6.31

1000 0.253 6.78
1100 0.407 11.21200 o:0682 ,1t9f3 .....

i10000 ..... 12000. __
t(hrs.) L kox 1O2(s Sthr.) itz k (hr-i)

30 0.004 5.43 6 056
50 0.008 3.63 8 0.013 0.240
70 0 .015 3.58 10 0.018 0.236
90 0.028 2.49 12 0.028 0.180

110 0.040 2.48 14 0.038 0.174
130 0.060 2.52 16 0.050 0.180
150 0.090 2.71 18 0.068 0.196
170 0. 15 3.51 20 0.095 0,202
190 j 0.253 5.38 22 0.133 ).216
210 0.530 11.4 24 0.186 0.268

26 0.298 0.448
28 0.525 0.968

The values of X are expressed in mole/initial mole GB and so the units
in which the rate onstants are expressed are again hours - 1 . This point as
previously discussed (P.T.P. 265).

-5-
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It will be noted that the initial values for k. are somewhat high and
that subsequently the values appear to increase as the reaction proceeds.
Initially the accuracy of the gas evolution data is not great so that the
high values are probably spurious. The subsequent increase in the rate
constants is not surprising, as it nust be renemberod that as the reaction

proceeds the nediu.i in which it takes place is also changing, being initially
p ure GB and subsequently containing increasing enounts of the various
deoomposition products.

In view of these uansiderations, the initial high values and those later
ones obtained for values of 1A Greator than 0.2 have been ignored and the
mean of the remainder taken. The values so obtained together with the
previously accepted values (P.T.P. 265) are given in table III.

The values of kd obtained fron the initial slopes of the plots of G j,.
versus t (P.T.P. 265; Figures 5-8) are also given in table III. Sincethe valises of G sho-vv appreciable scatter the accuracy of these figures is orv.

Values of Kd, the equilibriin constant for the disproportionation
reaction II, are obtained as described above frow the data for the concentrations
of reactants present when the concentration of difluoride is at a maximizi.
The derivation of these values is given in table II.

Table 11

Evaluation of Kd.

Temperature; TiLe at (GB] remaining MePOFJ = 1ePO(OP F2
0. which=F. IKd -7 B in mixture

in
jznaxinium rio7es/initial miole/iitial mole J
4occurs nLole GB. GB.

h I ours _

8o 1100 0.453 0.070 0.096 76.4
90 340 0.567 0.0805 0.079 77.8

ioo 180 0.652 0.081 0.062 80.1

No maximum was reached in the times for v&ich the experiments at 1200
wore conducted.

Values of the rate constants for the reverse reaction II k' , can be

obtained from those for kd and Kd. These are also given in Table III.
Values so obtained. are for the uncatalysed reverse reaction.

Table III

Values of the rate oonstants for the reactions occuring in the thermal
decomposition of GB.

TeLerat k. hrs'1
0" ew Previous No Pr~vi =us, Kd i d

j Value Value I hrs'1T
i (P.T.P. 2651 (P.T.P.265)

80 ~3-59XlO-3 3.70x10-3 i.1x10 1.93x10-4 0.096 T .jxioS3
90 i1.28xi0"21 18xlO 2 i6OxO" 5.66x0 "- 0.079 7.6xlO-3
100 12.99x10"2 2.36x102 !3.3xI0"4 1.68xO10 3  0.062 5.3x10-3
120 1,0.210 0.239 !2.4xI0. * 7.65x10-3  - -

-6
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Plots of the logaritwis of the rate constants again; t the reciprocal
of t4:e absolute temperature are aown in figures 4 and 5. The variations
of the consteats with teoperaturc may becxrosodby the folloying equations,
in vehich T is the absolute toziperature:-

log 10ka = 14.6888 - 6038.
T

logOok = 7.7710 - 4
T

log10k'd = 10.1088 - 45502
T

log1oKd = 1282 -4.5o2
T

These equations were calculated by the method of least squares

The corresponding energies of activation are:-

New Value Previous Value
(P.T.P. 265 )

For reaction I 27.6 K.cals./bole 28.3 K.cnls./mole
For forw rd reaction II 18.8 K.cals./mole 25.4 K.cals./noles
For reverse reaction II 20.8 K.cals./mole -

The hoat of reaction for the disproportionation determined from the
values of Kd is 5.7 K.cals./.Iole.

As previously noted, the data from Thich the values of k are derived
show appreciable scatter and as the plot of log kd against 1/T also shows
soue scatter, the value for the activation energy for the forward disproportion-
ation reaction can only be regarded as a rough approxination. It would, however,
see that the activation energy is rather lower than had been previously supposed.

Siice the values of k' are derived from those of kd and Kd, the accuracy
of the value of the activation energy for the reverse reaction is even less.

The values of the activation energy for reaction I, and the heat of reaction
II are regarded as reasonably accurate since the plots of log k. and log Kd
against I/T show good linearity.

A value for Kd at 2500. may be derived also frou thermodlemical data
(E. Neale; P.T.P. 339).

The calculations involved are given in ippendix I. The value obtained
for Kd at 2500. is 1.003, and at this teaperature the reaction mixture would
oontain 50% GB, 25, of iaethylphosphonic difluoride and 250 of di-isopropyl
metiylphosphona.te.

The value of Kd at 2500. obtained from the equation derived from the
values from the kinietic data is 0.44. This would uean that the reaction
mixture would contain 6C GB and 20% each of difluoride and di-ester. The
agreemont is fair considering the mothods by rtich the values are obtained,
and the assu.ptions involved.

-7-
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It i.iay also be noted that the heat of the reaction frou kinetic data
in the teaiperatuwe range 80-1000C. is 5.7 K.cal./ole, while that from
the thern.ocheaical data at 250C. is 2 K.cal./molo. In view of the
assiziptions involved and the difference in tei.peratures at vwich the
values are obtained the agreement between the two values is good.

5* Exer: .entL on the reaction of methylphosphonic difluoride and di-isop rjl V
metlylphosone (eerse reaction II).

Prel:inary experimients had showan that some GB was for ud when a mixture
of r.;ethylphosphonie difluoride and di-isopropyl -othylphosphonate was heated
togethe> It was soon found, however, tLat the GB formed subsequently
decomposed by Reaction I. The difluoride is very hygroscopic and readily
hydrolysed to acid, so the mixtures were m.iade up in a dry box. ilso with
a view to retarding the decm-position of the GB formed, soue experiments were
carried out in the presence of a base or steel.

The results obtained, starting rith an equinolar mixture of the di-ester
and difluoride are given in Table IV.

Table IV

Reaction of metvphothonic difluoride and di-isopropyl
met.hl ho sphonate

The two substances were present in equimolar qatntities.

TemperatureTTep.rae of Conditions of GB found
of e -er ient xperiient. at end of Rarks

p experiment
_ __ _J(Peroxide method)j

190o0. 2 hours Stored alone . 0.7 rcpene
evolvd.-

lamount not

14000. 57 hrs. 57 Tri-n-butylmiine 1 .5 o
added.

1000: ~ 22 hrs. Stored alone 6.6 Propene

evolved-
amount not

measured.

100. 6., hrs. In presence of stee 3.2k -

10000. 12 days It it It 7.9 -

10000. 64 hrs. 5i Tri-n-butylw.iinel 0.7

10000. 12 daya It i .

Fro the value of the rate constant for this reaction, k1d, at 1000C. given
in table III, the atiount of GB fon.ied in 22E hrs., and 64 hrs. would be about
11,: and 25!," respectively. It is possible that the amount of GB formed in
the experinent where the mixture was stored alone for 227 hrs. at 10000, was
of the order of 11%, since 6.6l was found at the end of the experiment and
sume had dec: posed to give pronene. On the other hand, it is clear that the

presence of steel or bases retards the reactions, presizaably by removal of
acid. This means that the reaction is acid c&talysed and it would seem that
the spontaneous ratn, if any, is rpreciably slower than that indicated by
the rate oconstants given in tcable III.

-.
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itte.pts to obtain rate constants fr. initial Elopes as had boon done
in the case of the half ester gave values 41ich were not constont and appeared
to increase vrith increasing acid concentration. This and the fact that m
gas evolution oocured in the prosence of the other acids indioatcd that no
direct gas evolution occured fro-i the di-ostr and it was suggested that the
propene evolved night coue from GB foroed by so ic reaction in the system1.,

Jialysis of the liquid residues at the end of the experinents by the
Peroxide uethod s1howed the prusence of GB, the riount dependinr on the
amount of the uethylphosphonofluoridi acid originally present. Infra-red
"alysis indicated that presence of traces of GB, but identification of
only 4,- in a mixture containing about 80, of the c-eater and 20. of the
acid is extreiaely difficult.

HavinZ obtained the GB content of the mixtures it is possible to work
out rate constants for the decoposition of the GB into propene catalysed
by the methylphosphonof luoridic acid. The results together with the other
data are given in Table V.

Table V

Decoaposition of Di-isopropyl i-et1.ylphosphonate_-
iethylphosohonofluoridic acid iiixtures.

TeIperature 10000.

Anount of acid GB found at end of exp erint ,iount of acid Rate constant
initially si by in uoo- =_ remaining ifor decaposition

present in weight mole ester i.e. initial of GB at 10000
moles/initial acid less GB hrs. 1

mole ester f cMod1Mols/initil
mole ester I

0.2601 4.8 O.O621 0.1980 2.50 x 10- 2

0.2137 4.6 0.0600 0.1537 2.49 x 10-2

0.1421 4.0 0.0527 0.0894 2.91 x 10-2
O.1115 3.2 0.0+19 0.0696 3.60 x 10-2
0.0659 2.0 0.0262 0.0397 4.42 x 10-2
0.0431 1.4 0.0182 0.02+9 5,73 x 10-2

The rate oonstants were obtained from the equation:-

being ;GB jj&ePo(?)()ie.adt = -

the slopes of t'ie curves being ieasured at the end of the experiments ;.e. at
the sm.*e t:L.e as the GB concentrations were deteruined. The final uethyl-
phosphonofluoridic acid concentrations were used im the calculation, as in
reaction with the di-estor it is probably replaced by a makor acid.

The .)eon value of te rate constant frcu Table V is 3.6 x 10 2 hr
which sro4 s ro . AVkably well wit.. t.e value obtained in Taole III, viz
3.59 x 10- -W'"

- 10 -
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The nature of the reaction between di-isopropyl iathylphosphonate and
n.etiylphosponofluoridic acid is not known. i& diruct trans-eaterification
is possible:-

dePO(C')(oH) + MePO(OPrP) 2  ,. NeP0(F)(OPri) + 1.P0(OPrP)(OH)
2I

2 more likely rechanism, by known reactions, is tie disproportionation of
tho acid into nethylphosphonic difluorido and methylphosphonic acid followed
by reaction of the di-oster and Cifluoride to give GB (reverse reaction II).

2 MePo(F)(OH) MePoF 2  + 1o(o )2

MePOF 2  + NIePO(OPrP) 2  - 2 MePO(F)(OPrli)4-
GB.

7. The effect of fluorides on the decomposition of poure GB.

The mechanisz for the disproportionation reaction suggested in P.T.P. 265
involved the separation of the GB into a fluoride ion and a phosphorus
containing cation. , possible alternative mechanism suggested by Huison
and Bevan (P.T.P. 330) involves the rupture of the P-0- bond yielding m
isopropoxide ion.

It was thhoutlt that it miEJt be possible to distinguish between the
two mohklanimis by investigating the effect of fluoride ion on the reaction,
vhiid should be retarded if ti first echanis.i is correct.

Experlents were carried out with G13 to which 2.9,r of tributylamino
hydArofluoride and 4,; excess tributylLine were added and using GB plus 4,.
tributyluine as controls. A .ctually the base hydrofluoride was not in fact
prepared, but one equivalent of base was added to a solution of a known amount
of 1=41 in GB. The results are given in table VI.

Table VI

Effect of fluoride on tle thernal decor2position of GB at 120°0

TiLe GB content + Gas evolved Percentage of original
Expriment of I, v oight moles/initial GB decoriposed

stor.ge intil after m~j
hours torae Total! E Prcpone Total, 1Y B By

Reaction !Reaction

GB+4,790.9 Nil Nil Nil 2.4 Nil 24

*BuN + 24 93.1 36.2 Nil Nil Nil 7.4 Nil 7 1 .
2.91, Bu3N.P F 47 .0 0o~.001 0.005 9.1 0.5 .

119 73.7 0,052 o.001 0.051 20.8 5.1 15.7

+ 4i 7 /4.o Nil Nil Nil 2.. Nil 2.1
Bu3 N. 24 96.0 90.5 Nil -Nil Nil 5.7 Nil 5.747 89.1 0.003 Nil 0.003 7.2 0.3 6.9

119 I83.2 0.029 Nil 10.029 13.3 2.9 10.4i' "/ I I- , '.
GB + solid 7 106M 97.20 Nil Nil INil 2.8 Nil 2.8
lithiu 31 I96.1 1 0.O05;Not analysedj 3.91 Not Imonwn

fluoride* 119 1 7990i.04'Not an-alysed? 20.1; Not knownI
x Tve GB did not dissolve any lithiua fluoride at roo temperature.
+ 7he figures for H and propene contain the amounts of these yses ooibinud

as isopropyl fluoridu and hence the su;. of these maounts -.ay exceedl theactual observud total.

- 11 -
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It will be soon that the a.iount of GB decomposed was in fact greater
,;on the hydrofluoride was present than in the controls. . T"Lis nmy be
duo either to catalysis of the doociaposition by the tribvt'laL.,oniu. ion
or to the presence of samie ft :e }uT as it is unlikely that, even in the
presence of Via excess base, the ouqilibriu.

proceeds entirely to the right in this ;iodi-.u. Theso experiaIents therefore
contribute nothing to the study of the mdechanimi of reaction II.

,' s it had boon found that lit1-i;t. chloride was soluble to some extent
in G93, it was thowit tiat the fluooide iight be slihtly soluble end
hence provide fluoridu ion in the solution. Lxioeriients were carried
out in which pure GB was added to tubes containing dried lithi., fluoridu.
Tho rusul- s aero also iiveu in t abl VI. I"- was found that the decomposition
of the 6.B by both reactions I and II was approciably retarded as corparod with
GB stored above. o,,parison of the gas evolution froai GB alone end in the
presence of lithimu fluoride is shov-m in figt'ro 8. Th-is result was quite
unexpected and the only oxplezation vhich cen be advanced- is tlht tle catalysis
by acid of the doco.position react.ons is prevented by reuoval of the acid by
reactions suen as:-

LUP + 1:ePO(F)(OH) M7,~ H + cGP6(1)(OLi)

LiF + HF - LiHF2 .

The experiments do not-provide any evidence for the mechanism of reaction
II, but the marked retardation of the decon position made the consideration of
,alkali metal fluorides as stabilisers for technical GB desirable. Experinents
carried out to exmine this possibility have already been reported (P.T.P. 381).

8. The therral. decomposition of met'ml methylphos honofluoridate.

The difficulty of isolating one of the reactions involved in the
decomposition qf GB -.ado the consideration of the decoposition of related
coupounds w'rthwhile. The obvious choice was methyl methylphospionofluoridate
since this should undergo disproportionation but no olefine-forwing reaction.

A s .ple of the compound was prepared but it proved to be unstable at room
touierature and a study of its decomposition could not be unlertaken.

9. Discussion

Reaction I, the decoaiposition of GB into methylphosphonofluoridic acid
and proponm is catalysed by all the acids vhich maV be present as impurities
in tednical GB. The values of the rate constants and the activation energy
for this a'eactioa obtained in the present report do not differ greatly frm
those previously reported (PoW.P. 265). Iie mechanism for this rjaction
previously proposed still holds good, although there is sowe indication from
infra-rod spectra that the hyd'rogon ion is not located at the oxygen of the
phosphwyl group and thC altjrnative representation of the transition state
imolv:ig Nydrogon in attack at the oxygen of the isoproproxy group is
therefore preferable, i.e. tj

OH3  ""C3

CGi-O-PM0
I I I

12
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i.t the zioment no further discussion of the effeotiveness of the different
acids as oatalysts for the reaction is desirable but this ,.iay be possible when
the results of conductivity ;iastirc,.ients nov in progress at Porton are avail-
able.

The picture with regard to Reaction II on the othvr hand is still rather
confused. The m-eianing of thVe rate constants and activation energies obtained
is by no l.ieans clear.

It seous certain that in the absence of re;action I this reaction 'will
proceed until o equilibriu.i is set up. The results reported in Appendix XII
to PoT.P. 381 indicate that this probably occurs in GB under practical storage
conditions. 'i' o ai.ount of GB present at equilibriu vill increase with
te.pczraturo, being about 50, at 25 0 C. and 80/ at 10000.

,.s previously noted, two alternative mechanims for Reaction II have been
proposo4, the first (A) in P.T.P. 265 and the second (B) by Hudson and Bevan
(P..4 3). 0 0

I's Pr-O-P-F -- ) +Pr

Tie Me

0 0 0 0II KI

Pr-o0-P + F-P-OPrP * Pz:-O-P-o-PrP + -P+

lie 11o i,'e Die

0 0r !I(+) I
P + F- F-P-F

0 ie 
14ie

Be P'- --P Prp-o" + (+)P.-;

0 0
P,'.-O" + F..P-.OPr1,1 14 l'O-P.-OpPl + F"

.Ie MLe

0 0

'+ ,,0(+) --- 1!-

Hudson and Bevan (Loc. cit.) suggest that acid catalysis of the forward
reaction could be explained aoocrdina to tie first medhanima by assisting the
first stage and loading to the fcasation of utdisuoiated acid: -

0 0 0
if Rl II( + -. 0 Pi;--a P.. ...- i+  

- P-z - (+) + 1-3.

ile Me Lie

In the case of imeohanism Bp on the other hand isopropanol would be forn~d.

-13 -
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It has already been noted that bases retard the for:.rd reaction
(P.T.P. 265). The reverse reaction is also retarded by bases and in the
presence of steel. This action of bases nnay be duo to comipetition between
two anionoid groups for the phosphorus cation at the second stac, as
was suggested in P.T.P. 265. ]fowever, the retardation in the presence of
steel rust be duo to renoval of acid by reaction with the steel, and the
effect of bases is more likely to be duen to the sane cause.

The present experimaents have not made the elucidation of the mechanism
of this reaction possible. It is possible that aul:iniun fluoride would
enable a differentiation between tie two iiiechanisnms to be made since it
readily cobines with fluoiride ion to yield the fluoaliminate ion, LF 4 .
If it increased the rate of the disproportionation reaction, mechanisiu ;J.
would be favoured.

The possibility of uaking GB by the reverse reaction II frai methyl-
phosphonic difluoride and di-isopropyl -.iethylphosphonate does not appear
to be worthy of consideration. iJthou.h the equilibrin ijixture at 10000.
should contein 80k. of GB, the actual rate of the reverse reaction is rather
slo r, and it is difficult to prevent the decomposition of GB by reaction I.
In the presence of bases or steel when reaction I is retarded, the reversb
reaction II is also retarded. . catalyst for reaction II only and a reaction
teu erature of 1200C. or above might make the process worthwile. ,lislniuni
fluoride might be suitable if it reacts as suggested above, but the complex
fluoride .i2it prove too stable.

Furt:er experiments with alixiinin fluoride might be worthvhile, but it
has not been possible up to the present to carry out any further work on this
problem.

Su iary and Conclusions

1.g Further work on the therinal deca.,position of isopropyl. methylphosphono-
fluoridate (GB) has shown that the reactions irvolve3d differ in scme respects
frqs the scheme'previously suggested.

2. The decanposition cc-zis+s of the acid catalysed.de aiposition into propene
and uethylphosphoiofluoridic acid showing second order kinetics, and the
simultaneous reversible disproportionatim into methylphosphonic difluoride
and di-isopropyl methylphosphonate.

3. The decw.position of the di-ester produced in the disproportionation has
been shown not to occur in the systew so that the reverse disproportionation
must be considered.

4. The data previously obtained have been reconsidered in accordance with
the later findiLnLgs and new values f or the ra te oonsts-its obtained. Values of
the oquilibriun constant for the disproportionation have also been calculated.

5e Other experiuent- have not enabled the rechani of the disporportionation
reaction to be elucidated a-0 the significance of the rate constants obtained
for this reaction is by no i:eans clear.

6. The results obtained for the propene evolution reaction do not differ

signifiauitly frow those obtained previously and the main conclusior of
earlier reports still hold good*

530 RET
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Oalculation of the equilibriwa constant for the disproprtionation reaotion.... froii therraochmitoal data

Using the values Given by Neale (P,.T.P. 339), the heat of forzation of
ai-isopropyl methylphosphonate may be calculated as follows:-

(i) Heat of formation from atoyas is the sum of:-

CH 3 i.e. 3 x O-H = -3 x 99.4 -298.2 K.oal./mole

2 x iso C H7 = -2 x 945.7 = -1891.4 Koa./mle

P=O m -128

'-c(Llk. ) = -78

2 x P-o.(.lk,) 2 x 95 = -190

- -2585.6

(ii) To obtain the heat of formation from elements in their standard states
we add the smi of the heats of atomisation of the elements:-

C7H7039 i.e, --79= 7 x 171.7 = 1201.9 K.oal./mole
17H = 17 52.0 = 884.0• 0 - 3 x 59*2 = 177.6

P = 5.2= 75.2 "

(iii) The heat of formation of gaseous di-isopropyl mothyphosphonate from
elements in their standard states is therefore:-

-2585.6 + 2338.7 K.oal./mole

0 -246.9 K.cal./mole

The laten heat of vaporisation of the ester, obtained from vapour
pressure data k. Neale; PO.Pa. 341) is 14.7 Kgoal./molef

Hence the heat of fonmation of the liquid ester is: -

"246.9 - 14.7 K.*,/mo1e
a -261.6 1Z.oal./mole

Neal (P.T.2- 339) gives for the heat of formation fr4om elements in

their tanard states:-

GB -257 K.oal./mole
XFOF2 -254 K.cal./mole .

Ming a wounded off figure of -262 Kal./mle foX tho eate, Ye
have for the disproportionation roaction:-

2 G B _- Wor + MPO(Ol-ro)2

-2 x 257 - -2,4 -262

. T .-254 - 262 -(-2 x 257)
., Koel./mole

-16
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SECET.FIG,6. GAS EVOLUTION FROM ISOPROPYL HYDROGEN MITHYL
PHOSPHONATE ACID MIXTURES AT 1990C.

I .IML e OOr(Hoz-93ML M OF(H
I A. I MOLE Me PO(bPr)(OH) +0-,03 MOLE Me PO(F)(OH)

28A.1 Me PO(OPr)(OH) ALONE.
3 1 MOLE Me POP)(OH) 0 1905 MOLE Me PO(OHXj

0020-

lB.

w
I-

~~A.

0.01

p2 A

0 04 t1200 300 4001
TIME IN HOURS.

-: ~~PORTON TECHNICAL PAPER -NQ 442. P72656



0

-J-

I-I

000o 0
LL WW LLJ

R0a

w

0j 0. 0 0 0

w. W

0 000000

z W tl

_j _j

0 08000 0; ~

L..LNTCHIA AE N42 2s

K~f'ZA~e !e! %0 0~~P111



0

0
00

In

0

CL u
zz

w

1-Li LA tw

U. C.

I-0

It4
6w.

'80 31(M lIiN
1;S100

_ _ _ _

lIs. PORTON TECHNICAL PAPER N9 442. IPT 25



flTTEIAL ~~S~

1 0 r*J..S*n.*i) Australia

3. A.D./C.D.R.D. 56-61. Defenou l.cesearch Laboratcnries
S9)-124. C.S., C.D.E.E. Senior I-prosenta-tivo Wpt.

4-5. C.D.R. Branches Ofc- '.,DIY.
6-7- C.S, .0S NancekW-c. rmy Brl-di Roprescontativ.
8-9. T.Kk.3/T.I.B. -CTech. Section)

10-24. S..& .C. for Ccvmittee{C.D.A.B. Can&- a
25 ile.

alD~'enc~62-66.oar Ohaiai Defenco Researo'i426.±mi Pr:of eso S r Rudolph Peters Def encQ &,.oscarch Laboratories

27. S. Bacratt, Esq Suffiel6 Exporiwuntal Station.
28. Prof essor G.R. C&eeron
29. Professoz' HI.J. ZiiGleus s
30. Professor J.H. Gadno
31. Professor E.' .iT. Jones 67-836. Readir, 6coittee.
32. R.J. Karr-lamir, Esq..J
33. J. Davidson Prato Esq.
34.. Prof essor Sir -±iobert Robinson
35. Professor R.H.S. Thcmsrison
36. Dr. D.D. WNoods

37. Prof esscr D...Barton
38. Professcr .-J. ,. Devar
39c. Dr. P.f. Garner
4.0. Professor H.F'. Rydon
41. Dr. B.C. Webb
412. Dr. 7% Gerrard

EXTFSRITAL

22Say __

Brts on e1ie ~iso



dstl]

Defense Technical Information Center (DTIC)
8725 John J. Kingman Road, Suit 0944
Fort Belvoir, VA 22060-6218
U.S.A.

AD#: AD0046424

Date of Search: 23 Mar 2009

Record Summary: WO 189/774
Title: Kinetics of thermal decomposition of isopropyl methylphosphonofluoridate
Availability Open Document, Open Description, Normal Closure before FOI Act: 30 years
Former reference (Department) PTP 442
Held by The National Archives, Kew

This document is now available at the National Archives, Kew, Surrey, United
Kingdom.

DTIC has checked the National Archives Catalogue website
(http://www.nationalarchives.gov.uk) and found the document is available and
releasable to the public.

Access to UK public records is governed by statute, namely the Public
Records Act, 1958, and the Public Records Act, 1967.
The document has been released under the 30 year rule.
(The vast majority of records selected for permanent preservation are made
available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
1967).

This document may be treated as UNLIMITED.


